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Introduction
Among those animals that seek subterranean refuge, two groups can be distinguished. Semifossorial animals (e.g., pouched mice * E-mail: craig.white@adelaide.edu.au. Saccostomus campestris) forage on the surface and construct burrow refuges that may be used for caching food, reproduction, and so forth, whereas truly fossorial animals (e.g., pocket gophers Thomomys bottae) live and forage entirely beneath the surface (McNab 1979b; Nevo 1979) . Generally, semifossorial species construct relatively short, structurally simple burrow systems, whereas those excavated by fossorial animals are longer, more complex, and represent a much more substantial energetic investment (Vleck 1979 (Vleck , 1981 .
Physiological and Biochemical Zoology
Fossorial animals show a reduction in basal metabolic rate (BMR) below allometric predictions based on other mammals (McNab 1979b; Lovegrove 1986a; Bennett and Spinks 1995) . The cost-of-burrowing hypothesis suggests that reduced BMR may compensate for the enormous energetic demands of subterranean foraging (Vleck 1979 (Vleck , 1981 . The thermal-stress hypothesis proposes that reduced BMR may minimise the chance of overheating in closed burrow systems where evaporative water loss and convective cooling are substantially reduced (McNab 1966 (McNab , 1979b .
While the cost-of-burrowing hypothesis remains largely unchallenged, much of the support for the thermal-stress hypothesis is somewhat equivocal (Contreras 1986) , and a reanalysis of McNab's (1966) early data by Gettinger (1975) even provided an opposing interpretation. Gettinger's (1975) analysis indicated that fossorial animals have lower thermal conductance than is expected based on body mass. This supports the idea that prevention of hypothermia is more important than overheating.
Since these studies, a wealth of information on BMR for both fossorial and semifossorial species has accumulated, phylogenetically informed (PI) analyses have strengthened tests of adaptation Garland et al. 1993 Garland et al. , 1999 Garland and Ives 2000) , and many phylogenies of mammals have appeared, two of which are considered here (Novacek 1992; Madsen et al. 2001 ). This study uses this information to test the cost-of-burrowing and thermal-stress hypotheses by allometrically comparing BMRs of fossorial and semifossorial burrowers. In addition, distinction was made between animals from arid and mesic environments because arid-adapted animals tend to have a lower metabolic rate than those from mesic environments (e.g., McNab 1979a; Maloiy et al. 1982; Lovegrove 1986b; Haim 1987; Downs and Perrin 1994; Seymour et al. 1998 ). This design accounts for a greater proportion of residual variation in BMR and facilitates comparison of fossorial and semifossorial species in an environment where differences relating to thermal stress and low foraging energy re- turns (both of which are expected to be exacerbated in arid environments) might be most prominent. Given that only fossorial mammals forage beneath the surface, if they have a lower BMR than semifossorial species, the cost-of-burrowing hypothesis would be supported. Alternatively, allometrically similar BMRs would support the thermal-stress hypothesis because the reduction in BMR can then be attributed to factors common to both groups, of which burrow construction and occupancy are immediately obvious.
Methods

Allometric Relationships between BMR and Body Mass
Values for BMR (mL O 2 min Ϫ1 ) were sourced from the literature (app. A). Where multiple values were available for a species, the arithmetic mean was calculated. Values were accepted only if the animals were resting and conscious. Adult body mass was obtained from multiple published sources when body mass was not provided in a paper from which measurements were used. Note. PI ANCOVA was undertaken using phylogeny of Madsen et al. (2001) .
applicable. NA p not The data were disregarded if no body mass could be found in reputable literature. Log-transformed data were expressed in the form of least squares regression of log(BMR) on log(body mass). Felsenstein's (1985) phylogenetically independent contrasts were calculated using the PDTREE module of the PDAP suite of programs (Garland et al. 1993 (Garland et al. , 1999 Garland and Ives 2000) . PI regression slopes were calculated by producing a scatter plot of the standardised contrasts for log(BMR) and log(M) and computing a linear least squares regression constrained to pass through the origin. A phylogentically informed regression equation was then mapped back onto the original data by constraining a line with this slope to pass through the bivariate mean estimated by independent contrasts (e.g., Garland et al. 1993) . Species were scored as fossorial or semifossorial according to descriptions of the main site of feeding in the reference from which BMR data were taken. If this source provided insufficient information for this classification, further information was found in a general textbook on mammals (Nowak 1999) . Classification of species as arid or mesic followed the same procedure and was based on the original description of the species' habitat. Generally, species described in the literature as semiarid were pooled with arid species, except where such a classification conflicted with other reports, in which case the most common classification was adopted.
Phylogenetic ANCOVA
Intergroup comparisons of BMR were made using conventional and phylogenetic ANCOVA ( ). Phylogenetic a p 0.05 ANCOVA was undertaken using the PDTREE, PDSIMUL, PDANOVA, and PDSINGLE modules of the PDAP suite of programs (Garland et al. 1993 (Garland et al. , 1999 Garland and Ives 2000) . Phylogenetic ANCOVA was undertaken based on two phylogenies (Novacek 1992; Madsen et al. 2001) . These trees differed topologically only in the relationships at family level and above. With respect to the species considered in this analysis, the major topological difference between the trees lies in the arrangement of Insectivora. Madsen et al. (2001) consider this order not to be monophyletic: Chrysochloridae and Tenrecidae lie within the Afrotheria clade, while the remaining insectivores lie within the Laurasiatheria clade. With the exception of these differences, the phylogenies are identical. The tree based on most recent information is depicted in Figure 1 . The inclusion of two phylogenies was intended to reduce the degree to which the study was affected by the uncertainty of phylogenetic hypotheses.
A gradual Brownian model of evolution, with limits, was used for all evolutionary simulations conducted for phylogenetic ANCOVA. Ten thousand simulations were used for each comparison, and data were constrained using the "throw out" algorithm, which restarts any simulation in which characters move outside specified limits. The minimum mass of simulated node and tip species was 1 g. This is similar to the minimum Figure 2 . Relationship between body mass and BMR for fossorial (open circle) and semifossorial (filled circle) mammals from arid and mesic environments. Solid lines were calculated using conventional regression; broken lines were calculated using phylogenetically independent contrasts based on two phylogenetic hypotheses (Novacek 1992; Madsen et al. 2001 ) that were not visually distinguishable. Equations of the regression lines are in Table 1 . The three arid species indicated with arrows have significantly different BMRs from the remaining arid burrowing species and were therefore not included in the regressions for arid species (Johnson-Neyman technique, ). P p 0.01 used in other studies, under the assumption that the smallest extant or extinct mammal probably weighed no less than 1-2 g (Garland et al. 1993) . The maximum permitted mass was 100 kg. This is roughly twice the mass of the aardvark Orycteropus afer, which is the largest burrowing mammal in the current data set. This mass range encompasses all extant burrowing mammals (Woolnough and Steele 2001) . Minimum permitted BMR was 0.004 mL O 2 min Ϫ1 , which is one-twentieth of that of Eremitalpa granti namibensis, which had the lowest BMR of the small mammals. Maximum BMR of simulated node and tip species was 205 mL O 2 min Ϫ1 , which again is roughly twice that of O. afer. The starting mean and variance of each evolutionary simulation was set to be the same as those for the tip species in the analysis (i.e., there was assumed to be no directional evolutionary trend in mass or BMR). The correlation between mass and BMR of the simulated data was also identical to that of the input data.
Comparison of Groups with Heterogenous Regression Slopes
Where ANOVA finds a significant interaction between a covariate and treatment effects (i.e., heterogenous regression slopes), analysis of adjustment treatment means using ANCOVA cannot be undertaken because the magnitude of the treatment effect will vary as a function of the covariate. However, application of the Johnson-Neyman technique allows determination of a "region of nonsignificance" within which group elevations are not significantly different (White 2003) . Where significantly heterogenous regression slopes were detected in this study, the JohnsonNeyman technique was applied at a significance level of a p . Use of a low significance level was intended to compensate 0.01 for the lack of phylogenetic information incorporated in the Johnson-Neyman technique. This was considered appropriate because PI statistical methods typically have confidence intervals wider than those calculated using conventional statistical methods (Garland et al. 1999) .
Results
PI analyses using each of the phylogenetic hypotheses were generally in agreement, and double-log least squares regression exponents and coefficients for the two phylogenetic methods are remarkably similar, typically differing only in the third or fourth decimal place. For this reason, only results of conventional and PI regressions arbitrarily based on Madsen et al. (2001) are presented ( Table 1) . Results of ANCOVA analyses are summarised in Table 2 . All analyses detected a difference between arid and mesic species, so comparison of fossorial and semifossorial species was undertaken within these groups (Fig.  2a, 2b ). Both conventional and phylogenetic ANCOVA detected a difference between the slope of the double-log regressions for arid fossorial and arid semifossorial mammals (Table 2) . However, the Johnson-Neyman technique showed that arid fossorial mammals with a mass !76.7 g have a BMR lower than arid semifossorial mammals, while those with a greater mass have a BMR statistically indistinguishable from arid semifossorial species ( ). Three fossorial species (Notoryctes caurinus, P p 0.01 Heterocephalus glaber, and Eremitalpa granti namibensis) were therefore separated from the remaining arid burrowing species (Fig. 2a) . The allometric regression for arid burrowing species therefore includes both fossorial and semifossorial species, with only N. caurinus, H. glaber, and E. g. namibensis excluded. Mesic fossorial and semifossorial species were found not to have significantly different regressions of log(BMR) on log(body mass) ( Fig. 2; Table 2 ).
Discussion
Conventional or PI? On the Choice of Method
Although conventional and PI ANCOVA are generally in agreement (Table 2) , the regression equations produced by the different statistical approaches can differ markedly, as is the case for the regressions for arid burrowing species in this study. At the lower end of the mass range of these animals (10 g), the PI regression BMR estimate is 67% of the conventional regression estimate, while at the upper end of the mass range (10 kg), the PI estimate is 125% of the conventional regression estimate (Table 1) . It is important to note, however, that the PI method neither systematically increases nor decreases regression slopes (Ricklefs and Starck 1996; C. R. White, unpublished data) . In some cases, PI regressions differ little from the conventional alternative, as is evidenced by the almost indistinguishable PI and conventional regressions for mesic burrowing animals (Fig. 2a) . Despite this, results of conventional and PI ANCOVA and regression have been provided both to demonstrate the differences between the methods and to show that, in this case, interpretation is largely independent of the statistical method preferred.
Reduced BMR of Fossorial Mammals: Cost of Burrowing or Thermal Stress?
The cost-of-burrowing hypothesis (Vleck 1979 (Vleck , 1981 proposes that fossorial mammals have a reduced BMR to compensate for the enormous energetic demands of subterranean foraging. Logical extension of this idea leads to the hypothesis that fossorial animals should have lower BMRs than semifossorial animals. However, this study has shown that, for mammals from mesic environments, fossorial and semifossorial species do not have significantly different BMRs (Tables 1, 2) .
A recognised alternative to the cost-of-burrowing hypothesis is the thermal-stress hypothesis, which proposes that fossorial animals have a reduced BMR to prevent overheating in closed burrow systems where evaporative water loss and convective cooling are substantially reduced (McNab 1966 (McNab , 1979b . Although rejection of the cost-of-burrowing hypothesis does not provide unequivocal support for the thermal-stress hypothesis, the latter does provide an alternative explanation that must be examined. However, the thermal-stress hypothesis is also not entirely satisfactory because it neglects the possibility of heat loss by conduction to the soil, which has been shown to be important in the thermoregulatory physiology of both arid and mesic species. For example, arid species such as the antelope ground squirrel Ammospermophilus leucurus may tolerate transient hyperthermia during bouts of surface activity and then dissipate excess heat upon return to their burrows Bartholomew 1981a, 1981b) . Similarly, the damp subterranean environment occupied by the star-nosed mole Condylura cristata (Hickman 1983) could present a significant thermoregulatory challenge to fossorial animals, many of which are poor thermoregulators with low and labile body temperatures (Bradley et al. 1974; Withers 1978; Withers and Jarvis 1980; Bennett et al. 1994; Seymour et al. 1998; Withers et al. 2000) . However, the star-nosed mole is able to regulate its body temperature precisely at ambient temperatures between 0Њ and 30ЊC (Campbell et al. 1999 ). Such precision is required because of the high rates of conductive heat loss both to water during aquatic foraging bouts and to soil while inactive within its burrow. It therefore seems likely that burrowing species have access to microenvironments where heat can be offloaded to the soil, though this may not always be possible in the uppermost soil layers where temperatures can rise above the upper limits of thermoneutrality (e.g., Lovegrove and Knight-Eloff 1988). In such cases, deeper regions of the soil are often significantly cooler.
In support of the cost-of-burrowing hypothesis, this study has also shown that three small arid fossorial species, the Namib Desert golden mole Eremitalpa granti namibensis, the northwestern marsupial mole Notoryctes caurinus, and the naked mole rat Heterocephalus glaber, do indeed have a significantly lower BMR than other arid burrowing species (Fig. 2a) . Given their small masses, these animals are expected to have high mass-specific metabolic rates and might therefore be expected to be under severe energy and water stress in arid environments. Consequently, their reduced BMR compensates for the enormous cost of burrowing relative to the meagre returns available in arid environments.
Adjustment of BMR as an Adaptation to Arid Environments
A vast body of literature exists regarding reduction of field and BMRs as an adaptation to arid environments in mammals (e.g., McNab 1979a; Maloiy et al. 1982; Lovegrove 1986b; Haim 1987; Downs and Perrin 1994; Seymour et al. 1998) . This article, which compares more than 100 species that occupy similar niches and show several orders of magnitude variation in body mass, supports the conclusion that arid animals have a reduced BMR relative to their mesic counterparts. The strength of this conclusion is further enhanced by PI analyses and the inclusion of two phylogenetic tree topologies. Conventional and phylogenetic analyses have also recently provided strong support for a reduction in BMR of arid birds (Tieleman and Williams 2000) . The low BMR of arid animals may be associated with increasing life span in an environment where reproduction is not necessarily an annual event (Haim 1987) . However, few published studies support this hypothesis. Comparing strains of laboratory mice Mus musculus, Storer (1967) reported a positive correlation between BMR and longevity, while Konarzewski and Diamond (1995) found that longer-lived strains have lower BMRs than shorter-lived strains. Several studies have reported no significant relationship between residual variation in BMR and residual variation in longevity (Read and Harvey 1989; Symonds 1999; Morand and Harvey 2000) . A compilation of data for 255 species from the literature showed a significant correlation between life span and BMR, after removing the effect of body mass ( , ; C. R. r p Ϫ0.2 P ! 0.001 White, unpublished data); however, arid mammals were found to have a life span not significantly different from mesic species (ANCOVA, , ; C. R. White, unpublished F p 0.2 P p 0.65 1, 197 data). Therefore, although mammals with low BMRs live longer than animals with high BMRs, arid-adapted mammals live no longer than their mesic counterparts, suggesting that the reduced BMR of arid animals is unlikely to have arisen as an adaptation to increase life span.
An alternative hypothesis explaining the difference in BMR between arid and mesic mammals, and the one favoured here, is that the low BMR of arid animals may reduce food requirements and energy expenditure in environments where resources are sparse and widely distributed (Lovegrove 1986a ). This hypothesis is supported by experiments in which laboratory mice selectively bred for low food intake rates show a reduction in BMR relative to those selected for high food intake rates (Selman et al. 2001a (Selman et al. , 2001b .
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Ted Garland, Jr., supplied the PDAP suite of programs and provided helpful advice regarding their use. Roger Seymour provided advice and support throughout the study. Comments provided by three anonymous referees greatly improved this manuscript. (1997). Other rodent divergences were dated as follows: Spalacinae divergence from other Murids: Catzeflis et al. (1992) . Spalacinae/Rhizominae divergence: Robinson et al. (1997) . Divergence within Arvicolinae (Microtus and Pitymys): Chaline and Graf (1988) . Divergence within Murinae: Watts and Baverstock (1995) . Divergence within Spalacinae: Spalax leucodon/ Spalax ehrenbergi: Robinson et al. (1997) . Divergence within S. ehrenbergi superspecies: Nevo et al. (1999) ; Geomyidae: Smith (1998); Bathergidae: Allard and Honeycutt (1992) and Faulkes et al. (1997) . Sciuridae: using a divergence time at the subgenus level of 5 Ma (Smith and Coss 1984) , species level divergence was assumed to have occurred 2.5 Ma and genus-level divergence was assumed to have occurred 10 Ma. A similar timescale was adopted for other rodent species for which divergence times are unavailable. Pedetidae: Pedetes capensis was placed at the most ancient polytomy of the non-Hystricognath rodents, which places it at a divergence time similar to that proposed by Matthee and Robinson (1997) . Echimyidae: divergence within Proechimys: Corti and Aguilera (1995) .
Appendix A
Carnivora. The Canidae/Mustelidae split was dated according to Ledje and Arnason (1996) . Divergence within Mustelidae (at the genus level) was taken to have occurred 20 Ma based on a Mustela/Lutra divergence of 20-25 Ma and species level divergence within Mustela of 15 Ma (Wayne et al. 1989) .
Insectivora. Divergence of Erinaceidae/Talpidae, Chrysochloridae, and Tenrecidae was assumed to have occurred as a trifurcation dated using the Tenrecidae/Erinaceidae split (75 Ma; Madsen et al. 2001) . Divergences within Talpidae were dated according to Yates and Greenbaum (1982) . Given that appropriate divergence times for Erinaceidae and Chrysochloridae were unavailable, it was assumed that diversification within these groups at the following levels was evenly spaced through time: superfamily, family, subfamily, genus, subgenus, and species. For Erinaceidae, this produced a soft polytomy around 27 Ma where Erinaceus, Hemiechinus, and Paraechinus diverged and another around 7.5 Ma where the three species of Erinaceus diverged. For Chrysochloridae, this produced a soft polytomy around 38 Ma where Eremitalpa, Chrysochloris, and Amblysomus diverged.
Xenarthra. Given that appropriate divergence times were unavailable, it was assumed that diversification at the following levels was evenly spaced through time: order, superfamily, family, subfamily, genus, subgenus, and species. This produced a soft polytomy around 40 Ma where the six armadillo genera considered in this study diverged and another around 11 Ma where the three species of Chaetophractus diverged.
